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ABSTRACT
Trøndelag is a region in Mid-Norway with large deposits of quick and sensitive clays. Accordingly, the quick clay sliding activity
in the region is rather high. The two best known cases are presented in this paper, the Verdal and the Rissa landslides. These slides
have had a significant impact on the teaching and research at the Norwegian University of Technology and Science (NTNU) and
on how the communities and authorities relate to risk of new slides. The Geotechnical Group at NTNU has been working
extensively with quick clay behaviour through decades, particularly on understanding the progressive failure mechanism and
modelling of it, in the latest years through finite element analyses. The paper presents these two specific cases, the Verdal and the
Rissa quick clay slides, and how these have contributed to the research work and education at the Geotechnical Group at NTNU.
Focus will be on development of thesis work on the soil conditions and slope stability in the Verdal valley and on thesis on quick
clay behaviour and failure mechanisms in particular.

QUICK CLAY
Trøndelag is a region in Mid-Norway with large deposits of
quick and sensitive clays. The origin of the quick clays
stems from the end of the last ice age, 10 000 years ago.
Clay particles were deposited in the sea in front of the
retreating glaciers. The salt in the sea water strengthened the
bounding between the flaky clay particles. Due to the
isostatic uplift after the ice age, in Trøndelag up to 180 masl,
the previous sea beds have become dry land. Through
thousands of years the salt has washed out and thereby
weakened the binding between the clay particles. When
loaded, this can cause a complete structural collapse of the
clay, which makes the clay become liquid. The Norwegian
quick clays are rather silty (20-40% clay size fraction) and
the clay minerals are primarily illitic and chloritic.
Accordingly, the quick clay sliding activity in the region is
rather high. The two best known cases are presented in this
paper, the Verdal and the Rissa landslides. These slides have
had a significant impact on the teaching and research at the
Norwegian University of Technology and Science (NTNU)
and on how the communities and authorities relate to risk of
new slides.

The Geotechnical Group at NTNU has been working
extensively with quick clay behaviour through decades,
particularly on understanding the progressive failure
mechanism and modelling of it, in the latest years through
finite element analyses.
The paper presents these two specific cases, the Verdal and
the Rissa quick clay slides, and how these have contributed
to the research work and education at the Geotechnical
Group at NTNU. Focus will be on development of thesis
work on the soil conditions and slope stability in the Verdal
valley and on thesis on quick clay behaviour and failure
mechanisms in particular.

Fig. 1 A) Clay with saline pore water; B) Quick clay before
sliding, open and unstable structure; C) Quick clay during
sliding, structure collapses and liquefaction; D)
Reconsolidated and stable clay structure after failure

Fig. 2 Illustrative example of loading of quick clay
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THE RISSA LANDSLIDE

THE VERDAL LANDSLIDE

The Rissa-landslide took place at Rissa, a small community
outside of Trondheim, April 29 in 1978. 15 farms were
destroyed and a woman died in the slide. The quick clay
slide was initiated by relatively small construction activities
at the shoreline of the lake Botnen, but rapidly spread out
and 5-6 millions cubic meters of clay ran out from a 330
decares area and left a slide scar of 1.5 km. The slide also
caused damages at a small community at the opposite side
of the lake, due to a 3 meter high flood wave caused by the
slide.

The night of May 19 1893 the community of Verdal was
stroke by the worst slide in modern time Norway. 55
millions cubic meters of clay poured out of the slide area
flooding the entire Verdal. The slide pit alone covered three
km3 and slide masses covered nine km3 of Verdal after the
slide. 105 farms were lost and 116 people died in the
disaster. According to reports, there was slide activity in 30
minutes.
The winter is reported to have been very wet and the Verdal
River had flooded several times. In the middle of the night
May 19th a first slide took place. This first slide dammed the
river up to a height of 8 – 10 meters. Shortly after the dam
failed and a few minutes later the main slide occurred which
is assumed to have had a velocity of 60 km/h.
The slide gate is still visible and Verdal is a frequently
visited site for student excursions from the NTNU. The
entire Verdal valley has large quick clay deposits still and
both undergraduate and graduate students have written their
dissertations on the geotechnical conditions and the stability
of slopes in the Verdal valley.

Fig. 3 The Rissa landslide, 1978. Photo: P.M. Pallin
The Rissa-slide was caught on tape, and the pictures of
entire farm buildings sliding down the valley have been seen
all over the world. The film has been used for educational
purposes ever since, also at NTNU. The Rissa landslide
caused an increased focus on the potential hazards related to
quick clay slides and resulted in an intensive and still ongoing mapping of quick clay deposits.

Fig. 5 The Verdal landslide,
occurred in 1893. Photo: E.Olsen

Fig. 4Map of Norway with Rissa (right) and Verdal (left)
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LANDSLIDES IN GEOTECHNICAL EDUCATION IN
NORWAY
The Division of Geotechnical Engineering at the Norwegian
University of Science and Technology (NTNU) is a part of
the Department of Civil and Transportation Engineering.
The group is involved in research and scientific services in
determining fundamental behaviour of geotechnical
materials and characterisation of their properties. The fields
of research and educations are in the areas of geohazards,
soil structure interaction, soil modelling and numerical
analyses, physical model testing, foundation engineering,
offshore geotechnology, laboratory and field testing.
Since the group was founded in 1961 research related to
stability has been a major part of the activities, and the
group was headed by Prof. Nilmar Janbu for thirty years.
The group has kept up the activity through several student
works, both at undergraduate and graduate level. In this
paper the emphasis will be on the PhD-theses of Jan Otto
Larsen (2002) and Vikas Thakur (2007), which deals with
weather related slope processes and strain localization in
sensitive soft clays respectively. These subjects are not very
similar, but are chosen because both have high importance
for dealing with slope stability analysis and the
understanding of how quick clay slopes behave.

Another ongoing PhD study, by Gustav Grimstad, deals
with constitutive modelling of anisotropic clays. For
engineering practice and modeling geomaterials are often
considered as homogenous and isotropic. However it is
admitted that natural soils are anisotropic. The anisotropy in
response of soft soils, like most Scandinavian clays, may be
of crucial importance. The geotechnical practice requires a
good definition of the stress-strain response for geotechnical
materials which are anisotropic in nature. Keeping this in
view, a constitutive model in continuum including the effect
of anisotropy and rate is under development. The model is
in the framework of multi mechanism elastoviscoplasticity/plasticity. It is consisting of a cap, describing
the volumetric behavior and creep, and a cone for
mobilization in deviatoric direction. The constitutive model
aspires to capture the essence of the behavior of soft soils
for different geotechnical problems, like landslides, capacity
analysis, stability and settlement calculations.
International Master-programme in Geohazards
The 2- year long MSc-programme in Geotechnics and
Geohazards focuses on properties of soil and geological
materials, field investigations, laboratory testing, computer
simulations, risk evaluations and practical design skills
aiming for engineering solutions to such challenges related
to geohazards.

The International Centre for Geohazards
The Geotechnical Division at NTNU is also a partner in
INTERNATIONAL CENTRE for GEOHAZARDS (ICG),
one of Norway's Centres of Excellence (CoE). The Centres
of Excellence are an initiative to provide funding for
internationally leading research groups in Norway and are
funded from The Research Council of Norway. ICG was
established in 2002. NTNU's partners are NORSAR, the
Geological Survey of Norway (NGU), the University of
Oslo (UiO) and the Norwegian Geotechnical Institute
(NGI).

The programme is taught in English and the study plan can
be seen in Table 1. Some of the courses are based on regular
courses at the Division, while others, such as Landslides and
Slope Analysis and Geohazards and Risk Analysis are
designed specially for this Master-programme.
The research theme for both specialization project and
Master thesis are geared in the direction of geohazards.
Some of the project works and MSc theses are directly
related to ICG projects and are supervised by researchers
from the International Centre for Geohazards, (ICG).

The International Centre for Geohazards (ICG) carries out
research on the assessment, prevention and mitigation of
geohazards, including risk of landslide in soil and rock due
to rainfall, flooding, earthquakes and human intervention,
and the geological risks in deep waters, especially
underwater slides. The Centre also contributes to the
education of researchers and specialists in these fields at
both PhD and Master level. NTNU offers an International
Master programme in Geotechnics and Geohazards, which
is presented briefly later in the paper.

The Norwegian University of Science and Technology
welcomes applications from qualified students all around the
world. There are also a limited number of scholarships
offered; more information is presented at the website,
www.ntnu.no.

One of the ongoing PhD studies at the Geotechnical
Division at NTNU which is related to ICG is done by one of
the authors. The thesis deals with probabilistic approaches to
slope stability assessment in soft clays and the thesis will be
completed in 2009. Traditionally, slope stability has been
treated purely deterministically in Norwegian geotechnical
practice and there is an increasing need for tools that make
engineers able to handle the uncertainties involved in slope
stability explicitly.

In the 1950’s Janbu also introduced his well known stability
charts (Janbu, 1954) for both su- and a-phi analysis, which
still are used in the courses taught at NTNU, as an efficient
way of assessing slope stability and position of the shear
surface before performing more sophisticated analyses.
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Several quick clay slides, as well as the stability of still
standing quick clay slopes, have been analyzed by Janbu
throughout the decades, and the evaluations are presented in
papers such as Janbu (1979 and 1996).
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Table 1. Study plan for the International Master-programme in Geotechnics and Geohazards
Semester
4th
3rd
2nd
1st

7,5 stp
Rock Engineering

7,5 stp
7,5 stp
MASTER THESIS
Geotechnical Specialization
Geotechnical Specialization
Project
Course

FEM in Geotechnical
engineering

Landslides & Slope Analysis

Mechanics of materials

Soil investigations

Theoretical soil mechanics

Geohazards & Risk Analysis

WEATHER RELATED SLOPE PROCESSES
The study was, according to the author (Larsen, 2002), more
a contribution to physical geological understanding of the
material behaviour than a contribution to geotechnical
models. The thesis, which was part of a NorwegianJapanese research project on “Mechanisms of Landslides”,
has emphasis on the study of weather influence on stability
and pore water pressure development in clay and sand was
investigated.
Huge effort was put into studying the weather influence on
processes related to stability of a quick clay deposit in
Røesgrenda, Verdal, a few miles longer up the valley from
the site of the Verdal slide (eventuelt med kart fra oppgaven
til Jan Otto). The Røesgrenda site is situated along the river
Helgåa, a branch of the Verdal River, which in a still
ongoing process throughout the centuries has lowered its
erosion base down to today’s level. The surface of the
deposit is the old valley floor, where sand and gravel
constitute a significant part of the clay material in the 10 m
thick crust above the quick clay.
The quick clay layer is 25 – 30 m thick, and contains silt and
sand layers. Soil investigations at the site have been
performed through several student Master theses.
Instrumentation with piezometers and soil temperature
sensors has made it possible to record the ground water
regime and frost depth in the winter. A weather station with
rain gauge, air temperature sensor and a melt water gauge
has together with the piezometers made it possible to
analyse the relationship between weather and pore water
pressure. Observations of slides and monitoring of extension
of the scarp ahead of slides has been the basis for the
analysis of weather related fracture development and slide
activity (Larsen, 2002).

7,5 stp
Elective course
Geology &
Tunneling
Structural
Dynamics

These results are found through Janbu’s stability charts, but
according to Larsen (2002) different methods used in
stability evaluations gave approximately the same factor of
safety. The ongoing slide activity in the surface layer has the
effect of gradually reducing loading on the slope and lowers
the likelihood of a slide going through the toe of the claymoraine interface.

Fig. 6 Critical failure surfaces in stability analysis
A study on the influence of snow and precipitation on the
factor of safety gives a very low (less than 2%) reduction for
the deepest failure surface (F = 1,13). Weather has a higher
influence on the stability of the top crust layer which is more
sensitive to water infiltration. According to Larsen (2002),
the only reason why the slope does not fail immediately is
negative pore pressure (suction) close to the surface.
Failure development in the quick clay is recorded as a
stepwise extension of the scarp. The reason for this step by
step development is unclear, but one theory is a slow
swelling process in quick clay with a gradually release of
suction and strength (Janbu 1989). As the quick clay
expands the coarse grained surface layer is probably
fracturing by a series of tensile failures making the surface
more and more sensitive to water infiltration.

Four years of ground water table observations show a stable
situation. The pore water pressure is sensitive to weather
parameters such as precipitation and melt water infiltration
in the surface crust layer. In the quick clay between 10 m
and 35 m depth the pore water pressure is relatively stable
with only small seasonal variations.
Effective stress based stability analysis give a factor of
safety F = 0,84 for a critical surface going through the toe. A
factor of safety of F = 1,13 was found for a critical failure
surface with toe at the lower interface of the quick clay.

Paper No. 11.17a

4

PROGRESSIVE FAILURE IN QUICK CLAYS

Concept of Progressive Failure in Quick Clay

Landslides in quick clays may result from drastic reduction
in shear resistance. This may happen due to phenomena
such as local overloading, river erosion or similar and these
landslides can escalate in size in a retrogressive manner in
which large volumes of clay finally may liquefy. In highly
sensitive clays like quick clays, therefore, it is not just the
risk of a slope failure that is of concern, but also the area
that can be affected by retrogressive sliding.

Consider a soil element (lamella), as the one shown in Fig.
7 (upper), from a long uniform slope. The parallel
component of the weight of the lamella is balanced by initial
shear stress, τ0, along ∆x. Introducing an additional load at
the top of the long slope by a fill as shown in Fig. 8,
increases the normal force, N, and the corresponding shear
stress at the base of the nearest lamellas. This represents no
problem as long as the peak shear stress, τp, is not reached.
In fact the real problem does not occur until the shear stress
under the first element down slope to the fill reach point B
on Fig. 7 (lower).

In short, landslide phenomena can be decomposed into three
distinct phases: initiation or triggering, the slide progression,
which includes debris flow, and finally the impact of the
slide with natural or human made obstacles. This paper only
covers with the first two phases.
Triggering and propagation of progressive failure is often
associated with the formation of shear bands, i.e. narrow
zones of localized deformation, and the failure loads depend
on the thickness of these shear bands. Shear bands have
various names for instance; slip lines, weak discontinuities,
failure zones, localized zones etc. The thickness and
orientation of shear band becomes crucial parameters while
analyzing slope failure in quick clays. This is elaborated in
detail using a numerical example in coming section “failure
in softening and non softening clays”.

In this situation the normal force, N, on top of the slope
reaches its maximum. In such a situation the fill is given its
maximum support. Attempting to load further by placing
more fill material will give deformations that make the shear
stress pass beyond point B in the post peak region. The
shear stress under the lamella can no longer carry the self
weight of the lamella. In Fig. 7 (upper) ∆N must now be
greater than zero. We understand that this will add extra
earth pressure on the neighboring lamella in the down slope
direction. A progressive failure may now be initialized.
In Fig. 8, N0 is a force originating from an embankment
(filling). Fig. 8 (upper) corresponds to a case with perfectly
plastic behavior, without any softening and ∆N will always
be less or equal to zero. Progressive failure can in this case
never be triggered. Fig. 8 (lower) shows a case for a strain
softening clay where progressive failure is possible. If τ0 >
τres, where τres is residual shear stress, a progressive failure
mechanism may be initiated if the fill increases N to its
maximum value which defines a critical passive earth
pressure. Here ∆N greater than zero can occur.

τmax
τ0

A

B

τres

δ

Fig. 7. Development of increasing normal forces in a slope
(upper); shear stress displacement plot (lower)
Usually slope stability analyses in Finite Element Method
(FEM) is done using dilatancy angle ψ = 0 (non contracting
behaviour and elastic perfectly plastic situation) even for a
soft clays that has a negative dilatancy angle. The reason for
this is to avoid mesh dependency. By doing so, we usually
ignore the progressive failure as well. The mechanisms of
progressive failure is, very different than the catastrophic
failure (instantaneous failure), explained in the next section.
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Fig. 8 Progressive failure mechanism in elasto plastic clay
(top), in strain softening clay like quick clay (bottom)
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The equilibrium equations for the lamella are (Fig.
(upper)):

7

∆N = ( ρ ⋅ g ⋅ H ⋅ cos β ⋅ sin β − τ x ) ⋅ ∆x

(1)

∆N = (τ 0 − τ x ) ⋅ ∆x

(2)
x

∆E ( x) = N ( x) = N 0 + ∫ τ 0 − τ x dx

(3)

0

Here, ρ is the mass density of clay, β is the inclination angle
of the lamella and ∆x is the length of the lamella. Assume
that the slope is loaded by an additional earth pressure force
∆Ê (originating from a filling) in the down slope direction at
the location xf (Fig. 8). The increase in earth pressure due to
deformation of the soil is:
x

∆E ( x ) = N ( x) = ∫ (τ x − τ 0 ) dx

(4)

corresponds to the maximum peak load on the stress
displacement curve. At this state the negative second order
work of the deforming material in the softening area is equal
to the positive second order work done by the material
outside softening area. A strain softening material (quick
clay) and a non softening material (perfectly plastic
material) is considered to elaborate the different failure
mechanism and effect of shear bands in capacity.
Figure 9 (top) shows a natural slope which is approximately
45 meter long and inclined at 18.5 degrees from the
horizontal axis. At the top of the slope there is a road which
is subjected to traffic loading. The capacity analysis and
stability of underlying material is checked using classical
continuum based FEM. Two different soil conditions have
been assumed here; first if the slope consist of non softening
(perfectly plastic) clay and second if the slope is made of
strain softening (quick clay) sensitive clay. The material
properties have been chosen as peak mobilization (tanφ) =
0.5; cohesion = 5kPa; secant modulus (E50) = 60MPa;
oedometer modulus (Eoed) = 30MPa; unloading modulus
(Eu) = 18MPa.

0

With increasing load from the fill, ∆Ê, one mobilizes the
soil until it reaches a peak. The shear stress at xf will soften
down to the initial shear stress τ0 and further below until it
reaches τres. Note that maximum normal force N or
maximum ∆E corresponding to point B in figure 2 , is found
at the coordinate x2 along the slope, where γ = γ(τ0)post peak.
This maximum force is given by:
xf

∆Ex2 = ∆Emax = N max

≅ ∆Eˆ + ∫ (τ 0 − τ res )dx

(5)

x2

An attempted increase in ∆Ê will move the x2 further down
slope and for an infinite slope with constant properties we
will get a pressure wave propagating downwards.
Progressive failure is thereby initiated. A full collapse of the
slope is inevitable unless the large normal force, Nmax, could
be transferred to and taken at the toe of the slope.
The above consideration shows the progressive failure
mechanism of a long slope assuming a given τ – δ
relationship for a potential slip layer or shear band. The
thickness of the shear band, tsb, is herein not considered but
is nevertheless implicitly present since δ = tsb·γ.
Numerical Example of Failure Mechanism in Clays
Norwegian quick clay has a very low permeability and
hence pore water pressure becomes a crucial parameter that
can affect the stability of material. Progressive failure in
quick clay (with a post-peak strain softening behavior) is
often associated with the development of shear bands, i.e.
narrow zones of localized deformation, and the failure loads
depend on the thickness of these shear bands. Load capacity
of strain softening materials like quick clays is not
associated with a fully developed failure mode. The capacity
can therefore not be calculated by integrating the shear
strength along a critical slip surface. Instead, the capacity
Paper No. 11.17a
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15m

5m

45m

15m

γ= 20kN/m3
φ= 30ο ; c = 5 kPa
E50 (secant stiffness) =60 MPa
Eoed (oedometer modulus) = 30 MPa
Eu (unloading modulus) = 18 MPa

failure

perfectly plastic clay

γ= 20kN/m3
φ= 30ο ; c = 5 kPa and ψ=0ο

E50 (secant stiffness) =60 000kPa
Eoed (oedometer modulus) = 30 000kPa
Eu (unloading modulus) = 18 000kPa

other factors on the entire stress-strain curve of the material,
the thickness of the shear band, the stiffness properties of
other (non-softening) materials involved in the failure and
the location and distribution of the loading (Bernander
2000). The peak load is governed by system instability in
the sense of Hill (1958) rather than material failure.
However at the peak state no kinematically admissible
failure mechanism has yet formed and the state of the soil is
such that some parts are hardening while other parts are
softening. (Andresen and Jostad 2004)
The most interesting result is the totally different failure
mechanisms obtained for the perfectly-plastic clay and that
of the strain-softening clay (quick clay). The perfectlyplastic failure mechanism is only involving a small part of
the slope near the crest, while the strain-softening failure
mechanism involves the whole 45 m length of the slope,
refer Fig. 9 (bottom).
The other mechanisms involved in the undrained response
of clay like strain rate effects, local pore pressure dissipation
and inertia, is not considered in the part. However, the
general mechanism of progressive failure presented is
believed to play a significant role in explaining the
landslides of long gently inclined natural slopes of quick
clay.

failure triggered

progressive failure

FP

softening clay

γ= 20kN/m3
φ= 30ο ; c = 5 kPa and ψ=-1o
E50 (secant stiffness) =60 MPa
Eoed(oedometer modulus) = 30 MPa
Eu (unloading modulus) = 18 MPa

FS

shear band propagation
fully developed failure
mechanism

FR

Fig. 10 Progressive failure, trigger and propagation
Fig. 9 Numerical model of a slope (top); failure mechanism
in a non softening (perfectly plastic) (middle) and a
softening clay (quick clay) (bottom)

Perfectly plastic clays have zero dilatancy angle (no volume
change during shearing) whereas quick clays are contracting
material i.e. negative dilatancy. Here -1o of dilatancy angle
(ψ) has been chosen for the strain softening material. When
quick clays are subjected to undrained loading positive shear
induced pore pressure is develops in softening area and
which causes reduction in shear resistance. Therefore it must
be noted that strain softening in quick clay is due to pore
pressure build up in low deformation level and due to unbonding/structural collapse at large deformation level.
Finite element result for the slope with non softening clay is
shown in the Fig. 9 (middle). This failure mechanism, i.e. a
classic earth pressure mechanism involving a Prandtl zone
and a Rankine zone, involves only a small local part of the
slope close to the crest. Contrary to perfectly-plastic clay,
the peak load of strain-softening soil is depending among
Paper No. 11.17a

Progressive failure mechanism in softening clay is
elaborated in Fig. 10. First yield is noticed at the peak load
(Fp) and at this stage we can see shear band trigger at the
slope crest. Shear band further propagates with increasing
deformation and decreasing shear resistance (Fs). Finally a
fully developed failure mechanism can be seen when shear
resistance have reached close to the residual strength (FR).
A Force displacement curve is presented in Fig. 11. Higher
peak capacity can be noticed for perfectly plastic clay.
However non unique solution exists for strain softening
clays. The peak capacity is dependent on size of element in
finite element calculation. Capacity is decreasing with mesh
refinement. This is due to the fact that shear band in
sensitive clays always try to reduce to one element size. And
thin shear bands cause low capacity compare to the thicker
bands. (Jostad and Andresen 2002)
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350
300
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Janbu, N. [1954]. “Stability analysis of slopes with
dimensionless parameters”. Harward Soil Mechanics Series,
No. 4, Cambridge, USA.
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Janbu, N., [1979]. “Failure mechanisms in quick clays”.
Nordiska Geoteknikermötet. Helsinki 1979. Föredrag och
artiklar, pp. 476-485. Norwegian University of Technology.
Soil Mechanics and Foundation Engineering, Bull. 12, 1980.
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0.75

normalized crest movement (d/W R=5m)

Fig. 11 Mesh dependency in classical FE analysis
In order to achieve unique solution for the strain softening
clays one must incorporate regularization techniques in the
numerical procedure. There are a number of suitable
methods available for instance, rate dependent modeling,
coupled pore water flow and extended finite element
technique. Thakur (2007) have addressed the applicability
of these techniques in finding unique and mesh independent
solution. However, this paper will not focus on this
methodology.
In short, the conclusion can be made that perfectly plastic
clays and strain softening clays may show completely
different failure mechanisms. Progressive failure is not
possible in perfectly plastic clay whereas this is possible in
strain softening clay provided initial shear stresses are
higher then the residual strength of the material. Classical
finite element calculation shows that strain softening can not
easily be handled unless certain methods have been used to
regularize shear band. Importantly, it is also emphasized that
suitable material type must be chosen to analysis slope
stability and capacity otherwise completely misleading
information may result.
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It must also be noted that now a days curriculum for
geotechnical students are limited to the knowledge of slope
stability using limit equilibrium method and some
continuum based finite element analysis. Progressive failure,
strain softening, strain localization type issues are not taught
in detail. However, we see that it is important to educate
these issues to students to that they are able to assess
landslide and other failure process in soil in appropriate
way, when they are in profession later.
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